INTRODUCTION
The human leukocyte antigen (HLA) complex located at the 6p21.3 chromosome region is a high-density gene region of the human major histocompatibility complex, presenting many genes involved in the initiation of innate and adaptive immune responses. At the telomeric end, this region includes both classical class Ia (HLA-A, HLA-B and HLA-C) and non-classical class Ib (HLA-E, HLA-F and HLA-G) genes, as well as two pseudogenes (HLA-H and HLA-J). Classical class Ia genes are highly polymorphic in their coding region and encode soluble and membrane-bound proteins that act primarily as antigen presentation molecules to T CD8 lymphocytes. In contrast, non-classical class Ib genes have limited polymorphism in their coding region and restricted tissue distribution, and primarily act modulating the function of many immune system cells. HLA-G is the most studied non-classical class Ib gene because of its crucial role in immune tolerance. It encodes molecules (seven isoforms) that are known ligands for inhibitory receptors found on the surface of different immune cell subpopulations, such as antigen-presenting cells, natural killer cells, B and T lymphocytes. [1] [2] [3] [4] [5] Besides its relevant physiological role in the induction of maternal-fetal tolerance, HLA-G can be expressed in numerous pathological situations, being either beneficial (autoimmune and inflammatory diseases, transplantation) or detrimental (infectious diseases, cancer) to the patient. [6] [7] [8] A tight regulation of HLA-G expression from fetal to adult life is then required for a fine adjustment of the immune response depending on the physiopathological context. Although some light has been shed, the complex mechanisms underlying HLA-G expression control have not been fully elucidated.
In contrast to the relatively conserved coding region, the 5′ upstream regulatory region (5′URR) and 3′ untranslated region (3′UTR) of the HLA-G gene exhibit substantial polymorphism that may have a pivotal role in the regulation of HLA-G expression at the transcriptional and post-transcriptional levels, respectively. 7, [9] [10] [11] [12] [13] [14] HLA-G 3′UTR nucleotide variations have been extensively studied in both experimental and pathological conditions, and several of these polymorphic sites have been shown to influence HLA-G production by modifying the binding of specific microRNAs or the stability of the HLA-G mRNA. [15] [16] [17] Notably, the 14-bp insertion/deletion (indel, rs371194629) has been associated with a wide range of clinical conditions, including transplantation, tumors, pregnancy disorders, autoimmune diseases and chronic viral infections. 7, 8 In contrast, the HLA-G 5′URR has been poorly studied. Only a few reports have surveyed sequence variation in this gene region in healthy individuals, 4, 9, 12, [18] [19] [20] [21] providing limited knowledge of the worldwide genetic diversity at this regulatory gene segment. Similarly, there have been few attempts to associate HLA-G 5′URR variations with modulation of HLA-G expression and susceptibility to diseases. 4, 18, 19, [22] [23] [24] [25] [26] [27] [28] Ober et al. 18 focused on the triallelic singlenucleotide variant (SNV) − 725 C4G/T (rs115535764) and reported that the fetal loss rates were highest among couples who carried the − 725 G allele, which was further associated with increased HLA-G transcription. 24 Nicolae et al. 22 reported a significant association between bronchial asthma and the − 964 G4A SNV (rs115338359). The − 486 A4C SNV (rs114626623) was associated with increased risk of miscarriage 4 and end-stage renal disease. 28 Finally, Costa et al. 19 found a significant association between HLA-G 5′URR haplotypes (including notably the putatively functional − 1140 A4T SNV (rs115371574)) and implantation outcome in couples undergoing assisted reproduction treatment. Considering the unique features of the HLA-G 5′URR among HLA class I genes, 29 and the fact that nucleotide changes in the cis-acting regulatory elements of this region may determine its differential responsiveness to transcriptional factors, 30, 31 further genetic investigations are needed to clarify the role of HLA-G 5′URR polymorphisms in the spatio-temporal expression profile of HLA-G.
In this study, we have surveyed nucleotide sequence variation at the HLA-G 5′URR, extended to nearly 1400-bp upstream of the first translated codon, in ethnically diverse global populations. Knowledge of the pattern of genetic diversity and haplotype structure at this locus in worldwide populations has important implications for understanding how HLA-G promoter polymorphisms influence HLA-G expression, and consequently tissue distribution in physiological and pathological conditions, and contribute to disease phenotypes. Our results suggest that balancing selection has maintained haplotype variation at this locus, and that the − 1140 A4T SNV (rs115371574) may have some functional role in the control of HLA-G expression.
RESULTS

Patterns of sequence variation at the HLA-G 5′URR
Sequence variation at HLA-G 5′URR was surveyed in a 1.4-kb region upstream of the start codon that contains the known regulatory elements of HLA-G expression ( Figure 1a ). This region was fully sequenced in three population samples from sub-Saharan Africa, including 28 Yansi from Congo, 30 Serer from Senegal and 30 Tori from Benin (Supplementary Figure S1 ). A total of 27 variable sites, including 25 SNVs and 2 indels, were identified (Figures 1a and b, Supplementary Table S1 ). All these variants have been described in previous studies. 9, 12, 20 The investigation of 5′URR HLA-G sequences in 1089 individuals from 14 worldwide populations (Supplementary Figure S1 ) generated by the 1000 Genomes (1KG) project 32 allowed the identification of five new variants. All of these variants occurred at low frequencies in all individual populations (minor allele frequency (MAF)o 0.06). One of them was exclusively found in the British sample (−1310 T); three others occurred in several populations within the same continent (−539 G in Yoruba and Luhya, − 521 A in Japanese and in both Han Chinese samples, and − 1098 A in Colombians and Mexicans). The fifth one (−355 A) had a more cosmopolitan distribution and was found in several continental regions: Africa (Yoruba and Luhya), Europe (British and Utah residents with European ancestry) and East Asia (both Han Chinese samples). The observed genotype frequencies at all variable sites in both African and 1KG samples were in conformity with the assumptions of Hardy-Weinberg equilibrium when tested using Fisher's exact tests (data not shown).
These sequence data were then combined to those previously published in four human populations, including 47 European Americans, 44 African Americans, 43 Han Chinese and 100 Southeastern Brazilians. 9, 12 Altogether, 1411 individuals representing 21 worldwide populations were evaluated for their sequence variability at HLA-G 5′URR (Supplementary Figure S1 ). A total of 35 variable sites (33 SNVs and 2 indels) were identified across the whole segment, 26 of which reached polymorphic frequencies (4 0.01 at the global level). Most of them are located within or very close to previously described HLA-G regulatory elements (Figure 1a ). The number of variable sites identified in each individual sample was generally high (25 on average), ranging from 17 in Iberians to 28 in Colombians and Mexicans. With more than one-third of variants (13 out of 35) having their MAF within the 0.40-0.50 frequency range, the HLA-G 5′URR displays an unusual excess of intermediatefrequency variants, compared with the frequency distribution observed for the remaining variation of the genome (Figure 2 ).
Patterns of linkage disequilibrium (LD) across the HLA-G 5′URR region Global LD patterns across the 5′URR of HLA-G were determined by computing the D' statistic between all pairs of variants in each individual population sample, including the three new sub-Saharan African samples and the 14 samples from 1KG (Supplementary Figure S2 ), as well as in each continental region (Figure 3 ). Strong and significant LD was observed across the whole gene region in all population samples, with 71.4% of pairs of markers in significant LD (P o0.05) in the worldwide sample. This number remained high even after applying a Bonferroni correction to account for the number of pairs tested (52.3% with Po 0.00008) and was consistently high in all continents (62.1% in Africa, 62.4% in Europe, 55.0% in East Asia and 61.6% in America). A single LD block including 33 of the 35 variants identified, encompassing the − 1305 A4G and +15 A4G SNVs, was defined in all continental regions ( Figure 3 ) and in all individual samples studied, with the exception of Tori for whom two distinct blocks were inferred (Supplementary Figure S2 ). As the two variable sites − 1377 T4G and − 1310 C4T were systematically excluded from the LD blocks defined, they were not included in the statistical inference of HLA-G 5′URR haplotypes.
HLA-G 5′URR haplotype diversity and genealogy HLA-G 5′URR haplotypes were reconstructed using the PHASE software 33 in the three African samples and the 14 samples from 1KG, by considering the 33 variable sites included in the previously defined LD block (from − 1305 A4G to +15 G4A). We also included the three samples of Tan et al. 9 in the haplotype analysis, but discarded the Brazilian sample of Castelli et al. 12 because of missing genotypes at three SNVs (−990G4A, − 964A4G and − 810C4T) located in a fragment not covered by their sequencing survey (from positions − 1049 to − 764; Figure 1a ). A total of 68 haplotypes were inferred across the 20 samples, of which 9 occurred at a frequency above 1% at the global level ( Supplementary Tables S2 and S3 ). The number of inferred haplotypes greatly varied across continental regions with as many as 48 distinct haplotypes in Africa, whereas only 21, 19 and 17 haplotypes were identified in Europe, America and East Asia, respectively. Ten haplotypes had a frequency ⩾ 0.05 in at least one population and ⩾ 0.01 in at least one continent. Their worldwide distribution across populations and continents is shown in Figure 4 . If the most common ones (Prom-1, Prom-2, Prom-3 and Prom-4) are extensively shared among different continents and show no obvious geographical structuring, some of them exhibit a more restricted geographic distribution: for instance, Prom-5 exclusively occurs in East Asia and America, Prom-6 is mostly found in Europe and America, and Prom-7 mainly occurs in Africa and America ( Figure 4 ). It is interesting to note that only three haplotypes accounted for 475% of the total haplotype frequency at the worldwide level: Prom-1 (31.3%), Prom-2 (29.7%) and Prom-3 (15.2%). These haplotypes are homogeneously distributed across human populations and have a cumulative frequency ranging from 45 to 89% depending on the population. A high intra-population haplotype diversity was consistently observed in all population samples (mean value = 0.77 ± 0.06 s.d.), ranging from 0.67 in Iberians to 0.92 in Yansi ( Supplementary Table S3 ). Europeans and East Asians displayed slightly lower values (0.71 ± 0.03 and 0.73 ± 0.03, respectively) than Africans and Americans (0.82 ± 0.06 and 0.83 ± 0.02, respectively).
The genealogy of human HLA-G 5′URR haplotypes revealed two mains haplotype clusters separated by long branch lengths, containing six and four of the most common haplotypes, respectively ( Figure 5 ). Prom-1 and Prom-2 each belong to one of these two main lineages. Although separated by as many as 14 mutational events, they occur at a similar frequency in the global human population and are evenly distributed across the four continental regions. Prom-3 belongs to the same lineage than Prom-2 and differs from it by only two nucleotide substitutions. The inferred ancestral sequence of human haplotypes occupies an intermediate position between the two lineages and differs by 9, 12 and 53 mutational events from the orthologous sequences of the gorilla, chimpanzee and orangutan species, respectively.
Population genetic differentiation
The level of population genetic differentiation at the HLA-G 5′URR locus was quantified using the fixation index F ST, 34 which Figure 1 . Regulatory elements and genetic variations across the HLA-G 5′URR. (a) Schematic representation of the cis-acting regulatory elements and transcription factors known to be relevant for the transcriptional control of HLA-G expression. They are located in a region of about 1450-bp upstream of the ATG translation start codon, where the Adenine is designated as nucleotide +1. The proximal region of HLA-G 5′URR contains several regulatory modules: the enhancer A (EnhA), reported to bind to the p50/p50 homodimer, the interferon-stimulated response element (ISRE) and the SXY module, a target for the multiprotein complex regulatory factor X (RFX). These regulatory elements have acquired mutations or deletions, turning the proximal HLA-G gene promoter unresponsive to classical transcriptional inducers of major histocompatibility complex (MHC) class I genes. The binding of a repressor factor RREB1 (Ras-responsive element binding 1) and of a progesterone receptor (PR) to, respectively, a Ras response element (RRE) and a progesterone response element (PRE), may also influence HLA-G expression. In the distal region of the promoter, the next module is a cis heat shock element (HSE) that binds the heat shock factor 1 (HSF1), a regulatory stress-induced protein. Interferon gamma-activated site (GAS) is another regulatory sequence located at the − 734 nucleotide position, reported to be unresponsive in HLA-G. Close to GAS, in the position − 746, there is another ISRE, which is responsive to interferon-γ and which modulates HLA-G expression by the binding of interferon regulatory factor 1 (IRF1). An activating transcription factor 1 (ATF1) and/ or cAMP response element binding protein 1 (CREB1) can bind to three cAMP response elements (CRE). One of these is found in a locus control region (LCR) candidate, along with another RRE. The LCR region is critical for the HLA-G expression regarding when and where it should be expressed. 29 The extent of the region explored in previous and present sequencing surveys is represented by a gray bar for each study. (b) Nucleotide sequence variations identified in the previous and present sequencing surveys. The presence of a genetic variant in a given study is represented by a gray square. Polymorphisms not evaluated in the corresponding study are indicated by an 'X' .
measures the proportion of genetic variance explained by allele frequency differences among populations. Low levels of genetic differentiation among populations and among continents were generally observed across the whole region, with an overall interpopulation F ST of 0.036 and intercontinental F ST of 0.028. These values are well below the average for the human genome ( Supplementary Table S4 ). 35, 36 Thirty of the 33 variable sites (91%) exhibited interpopulation and intercontinental F ST scores below or very close to 0.05 ( Supplementary Table S4 ).
To determine whether such low F ST values are atypical when compared with the genome average, we adopted an outlier approach by constructing genome-wide distributions of F ST scores using the whole-genome variation data available from the 1KG project (see Materials and methods section). The F ST scores of the 29 variants segregating in the 14 populations from 1KG were recalculated by considering only these 14 samples. They were then compared with three empirical F ST distributions constructed from a large number of independent SNVs drawn from the whole genome or located in genic or 5′URR regions, thereby providing three empirical P-values for each variant (Figure 6 , Supplementary Figure S3 and Supplementary Table S5 ). Although most HLA-G 5′ URR genetic variants displayed low F ST values at both the population and continental levels, the − 1140 A4T variant was the only one to exhibit significant empirical P-values in the three distributions tested. Although the P-values of interpopulation F ST scores at this locus were very close to the 0.05 significance threshold, those relating to intercontinental F ST were highly significant (1E−05, 2E−05 and 3E−03 for the genome-wide, genic and 5′URR distributions, respectively) and still remain so after applying a Bonferroni correction that accounts for the number of variants tested (corrected P = 0.0017). Such atypical pattern of allele frequency differentiation therefore suggests that this locus may be subject to balancing or species-wide directional selection.
Detecting natural selection based on nucleotide diversity and site frequency spectrum Different summary statistics representing several aspects of variation were computed in each of the 20 population samples included in the worldwide survey and several neutrality tests based on these statistics were carried out to detect departures from neutral expectations in the distribution pattern of diversity among individuals ( Table 1 ). The statistical significance of the tests was assessed using (i) coalescent simulations (10 000 runs) of a standard, neutral equilibrium model, and (ii) empirical distributions of the test statistics constructed using either a set of 100 unlinked non-coding regions (expected to be neutrally evolving) or a set of 100 unlinked 5′URR regions, each of the same size than the region under study (see Materials and methods section). This latter approach allows a better discrimination between the influences of population history and natural selection and overcomes the difficulties of interpretation of the tests based on the standard neutral model when significant deviations are detected. It was only applied to the 14 population samples from 1KG for which genome-wide variation data were available.
A considerable amount of genetic diversity at the HLA-G 5′URR locus was consistently observed in all population samples with a mean value of nucleotide diversity π of 0.60 ± 0.05%. In most samples, this value was significantly higher than those observed for the 100 non-coding and 100 5′URR regions sampled in the same set of individuals (Table 1) . It is also about eight times higher than the average value (0.073%) estimated for 16 489 5′URR regions dispersed throughout the human genome. 37 In contrast, human-chimpanzee divergence at the HLA-G 5′URR locus (1.23 ± 0.04% on average) was within the range of values observed for most human nuclear loci, 37, 38 pointing out an unusually high ratio of diversity to divergence suggestive of balancing selection.
Positive values of Tajima's D and Fu and Li's D* and F* were observed in all studied samples, indicating a skew in the frequency spectrum toward an excess of intermediate-frequency variants ( Table 1) . Statistically significant P-values (P o 0.05), as assessed by simulations of the neutral equilibrium model, were observed for one or more statistics in all populations, except Japanese where Tajima's D and Fu and Li's F* were not significant but close to the 0.05 threshold (P = 0.055 and P = 0.057, respectively). When the empirical distributions, instead of the coalescent build neutral model, were considered to assess statistical significance, all populations had at least one statistic ranking among the top 5% of the highest values. These observations strengthened the hypothesis that balancing selection has influenced the patterns of variation at HLA-G 5′URR. 
EHH breakdown around HLA-G 5′URR
To determine whether the genetic footprint of natural selection detected at HLA-G 5′URR is due to balancing selection directly acting at this locus, or whether it is caused by a neighboring HLA gene known to be under strong balancing selection, such as HLA-A, through a genetic hitchhiking effect, we carried out an extensive study of the patterns of LD across a 300-kb genomic region spanning the HLA-F, HLA-G, HLA-H and HLA-A class I genes, using the phased sequence data from the 1KG project. Under the assumption that HLA-G Prom-1, Prom-2 and Prom-3 haplotypes have been maintained at high frequencies in human populations through a hitchhiking effect caused by the direct action of balancing selection at the HLA-A locus, one would expect these haplotypes to be surrounded by long flanking stretches of homozygosity and strong LD should be observed between these haplotypes and HLA-A alleles. To assess whether such long-range association exists, we measured the extended haplotype homozygosity (EHH) on both sides of each core haplotype at the HLA-G 5′URR locus (considered as the 'core' region) across a 300-kb region. The EHH score on both sides of the three major promoter haplotypes (Prom-1, Prom-2 and Prom-3) reaches a value near zero long before reaching the neighboring HLA genes (HLA-F and HLA-H), and therefore well before HLA-A (Figure 7 ). HLA-G 5′URR is thus probably not involved in a hitchhiking genetic effect and may rather represent a direct target of balancing selection independently of another gene in the region.
DISCUSSION
The 5′URR of classical HLA class I genes consists of two groups of juxtaposed cis-acting elements that can be viewed as regulatory modules. Both modules are divergent in HLA-G, rendering the HLA-G 5′URR unique among HLA genes. 29, 39 The known regulatory elements of HLA-G present distinctive structural characteristics and extend up to~1500-bp upstream of the first translated codon, instead of only 500 bp in other class I genes. These unusual features may be responsible for the non-classical transcriptional regulation of HLA-G and its restricted expression in specific tissues such as the trophoblast or thymic epithelial cells in nonpathological conditions. [40] [41] [42] The proximal promoter region includes the enhancer A and the SXY module (Figure 1a ). Modifications of these elements through mutations and the lack of the functional interferon-stimulated response element, usually present in other class I genes, render the proximal HLA-G gene promoter unresponsive to the classical transcriptional inducers of HLA class I genes (nuclear factor-kB, interferon-γ and class II transactivator). 29, [43] [44] [45] The distal region of HLA-G 5′URR includes several important regulatory loci such as a heat shock element, 46 an interferon-stimulated response element, 47 located next to a nonfunctional GAS (interferon gamma-activated site) element, and the locus control region, also referred to as 'tissue-specific regulatory element', harbored at − 1438 to − 1185 nucleotide positions. 31, 48 Here, we present a comprehensive study of global human variation across a 1.4-kb region of the HLA-G 5′URR, encompassing the known regulatory elements that may influence the variable, tissue-specific expression observed for HLA-G. Our survey included several African populations that have been underrepresented in prior studies despite the greater genetic diversity and genetic heterogeneity observed across the African continent. 49 A total of 35 segregating sites (33 SNVs and 2 indels) were identified across the whole region (Figure 1 and Supplementary Table S1 ). Haplotype reconstruction based on 33 segregating sites, included in a single LD block, identified 68 distinct HLA-G 5′URR haplotypes. Only three of them (Prom-1, Prom-2 and Prom-3) accounted for~75% of the global haplotype variation (Figure 4 , Supplementary Tables S2 and S3 ). All populations, whether African or non-African, displayed exceptionally high and similar levels of nucleotide and haplotype diversity. Moreover, an atypically low level of population differentiation ( Figure 6 ) and an excess of polymorphism to divergence levels were observed (Table 1) , suggesting a non-neutral evolution of this gene region. Statistical tests of neutrality based on allele frequency distributions revealed an excess of intermediate-frequency variants (Table 1) , further supporting a history of balancing selection at the HLA-G 5′ URR locus.
Evidence of balancing selection at the HLA-G promoter has been already suggested in two previous studies. 9, 12 However, these reports included only a few population samples (three samples of African, European and Chinese ancestries in the study by Tan et al. 9 and a Brazilian sample in the study by Castelli et al. 12 and used a theoretical approach based on coalescent simulations to detect significant deviations from a standard, neutral equilibrium model. As this model makes unrealistic assumptions about population demographic history (assuming a constant size, randomly mating population), it is difficult to unambiguously interpret any significant deviation from the null model as evidence for natural selection. For example, both balancing selection and reduction in population size lead to an excess of intermediatefrequency alleles relative to what is expected under a standard neutral model. In this study, we used an empirical approach to clarify the relative contributions of demographic and selective forces, by comparing patterns of variation at HLA-G 5′URR with those observed at a large number of unlinked loci dispersed throughout the genome in the same set of individuals. Although demography affects the whole genome, selection acts upon specific loci. The HLA-G 5′URR was detected as an outlier of the empirical distributions of different test statistics (Wright's fixation index F ST , Tajima's D and Fu and Li's D* and F*), thus providing unequivocal evidence that balancing selection has shaped patterns of variation at this locus. Interestingly, the results of neutrality tests based on the nucleotide diversity and site frequency spectrum were slightly more significant when considering the 5′URR regions, instead of the non-coding ones, as the reference distribution, especially in the non-African samples (Table 1 ). This observation suggests that 5′URRs of the genome may be subjected to selective pressures with opposite effects to those of balancing selection, like purifying selection, which tends to eliminate deleterious mutations, giving rise to an excess of rare variants. 50, 51 An extended analysis of the patterns of LD across a 300-kb region surrounding the HLA-G gene did not reveal any long-range associations between the HLA-G Prom-1, Prom-2 and Prom-3 haplotypes and HLA-A alleles, suggesting that this region is not involved in a hitchhiking effect because of a nearby linked gene. These data corroborate the findings of Tan et al. 9 who demonstrated that the strong balancing selection evidenced at HLA-A is unlikely to have influenced the patterns of diversity observed at the HLA-G locus. However, we cannot rule out the Figure 7 . EHH decay over physical distance for each core haplotype at the HLA-G 5′URR locus across a 300-kb region encompassing the HLA-F, HLA-G, HLA-H and HLA-A genes, in the four continental regions. Prom-1 (red), Prom-2 (blue) and Prom-3 (green) were contrasted to the remaining haplotypes pooled together (gray). Prom-1, Prom-2 and Prom-3 correspond to the haplotypes previously named Promo-G010101a, Promo-G010102a and Promo-G0104a, respectively, in Castelli et al. 12 The black vertical line indicates the position of the HLA-G 5′URR core region. Coding RNAs, pseudogenes and non-coding RNAs are represented below as black, dark gray and light gray boxes, respectively. The genomic position (in megabases) on chromosome 6 is indicated on the horizontal axis (human GRCh37/hg19 assembly). The EHH score on both sides of Prom-1, Prom-2 and Prom-3 haplotypes reaches a value close to zero well before reaching HLA-A.
possibility that the selection signature identified at HLA-G 5′URR results from epistatic selection, because of the interaction of HLA-G with its various partners, such as CD8, the leukocyte immunoglobulin-like receptors B1/B2 (LILRB1 and LILRB2) and the killer cell immunoglobulin-like receptor KIR2DL4. Such epistatic effects have been already experimentally demonstrated between the KIR receptors and their HLA ligands. 52 Similarly, we cannot exclude the possible influence of polymorphisms in the 3′UTR of HLA-G as this gene region has also been described as being shaped by balancing selection. 14 We indeed found a high LD between 5′URR and 3′UTR haplotypes in the populations from 1KG, the Prom-1, Prom-2 and Prom-3 haplotypes being strongly associated with UTR-1, UTR-2 and UTR-3, respectively (Supplementary Figure S4) . However, it is noteworthy that the signatures of balancing selection evidenced in this study were much more pronounced than those described at the 3′UTR, both in terms of statistical significance and number of populations affected, rather supporting HLA-G 5′URR as the most likely target of selection.
One effect of balancing selection is to preserve two or more lineages over an extended period of time. The genealogy of HLA-G promoter haplotypes indeed revealed two major clades separated by long branch lengths, each containing one common haplotype (Prom-1 and Prom-2, respectively) ( Figure 5 ). Prom-1 is the most divergent from the inferred ancestral haplotype and is likely to be the most recent one. Prom-1 and Prom-2 occur at a similar, high frequency (~30% each) and are evenly distributed across human populations. Our observations that these two haplotypes may be maintained at high frequency in most human populations by balancing selection suggest that they are associated with different transcriptional activities, resulting in different levels of HLA-G expression. The single variant of the HLA-G 5′URR (−725C4G,T) known to influence HLA-G expression levels 24 displays the same allele (−725C) in the two haplotype sequences. However, the two haplotypes differ at 14 variable sites. Interestingly, many of these variants either coincide with or are in proximity to the known regulatory elements and may thus affect the binding of the corresponding regulatory factors (Figure 1 ). The maintenance of two haplotype sequences with different promoter activities may be beneficial to the individual by conferring the ability to enhance immune response flexibility by modulating allele-specific gene expression in different cell-types and in response to diverse stimuli. This would meet the competing needs to maintain both a maternal-fetal immune tolerance and an efficient host immune response to invading pathogens during human evolution. It is noteworthy that the 14 variable sites differing between Prom-1 and Prom-2 were found to be monomorphic in 74 individuals from six great ape species (Pan troglodytes, Pan paniscus, Gorilla beringei, Gorilla gorilla, Pongo abellii, Pongo pygmaeus). 38 A similar observation was made for the 35 genetic variants of human HLA-G 5′URR. Therefore, the hypothesis of trans-species polymorphisms maintained for several million years at this locus, through shared and long-term balancing selection pressures, seems unlikely.
An atypical pattern of geographic differentiation was disclosed at the position − 1140, probably as a result of balancing selection, pointing to a potential functional relevance of the − 1140 A4T polymorphism. This variant is located very close to the locus control region/tissue-specific regulatory element region, situated at least 1.2-kb upstream to the first translated ATG, which controls HLA-G expression in a tissue-specific manner, through interactions with various cis-regulatory elements (Figure 1 ). 53 The recent identification of a new mechanism for the regulation of HLA-G expression, involving a direct interaction of the Hedgehog pathway signaling transducer factor GLI-3 with the promoter of HLA-G at a very nearby position (−1108), 54 suggests that the − 1140 A4T SNV may be located in an important regulatory region for the control of HLA-G expression. Interestingly, the two main 5′URR haplotypes suspected to be maintained by balancing selection carry different alleles at the − 1140 position (A in Prom-1 and T in Prom-2). Under the hypothesis that these alleles confer different binding affinities to transcriptional factors, they may be associated with different transcriptional levels of the HLA-G mRNA. Considering the high allelic associations between Prom-1 and 3′ UTR-1, and between Prom-2 and 3′UTR-2 (Supplementary Figure  S4) , and the fact that 3′UTR-1 has been associated with a higher HLA-G production than 3′UTR-2, 55 the Prom-2 haplotype could be associated with a lower HLA-G expression, in opposition to Prom-1 that could be considered as a high-expressing haplotype. However, there are still controversial results regarding the functional effects of 3′UTR-1 and 3′UTR-2 on the level of HLA-G production 29 and few data are currently available about the functionality of the − 1140 SNV. Therefore, further investigations are needed to corroborate this hypothesis.
Interestingly, the 14-bp indel located at the 3′UTR of HLA-G also showed an atypical geographic differentiation profile and was also pointed out as a putative target of balancing selection. 14 Contrary to the − 1140 A4T SNV, the functionality of this indel is well established, with a significant effect on the HLA-G mRNA stability, the magnitude of HLA-G production and the level of inhibition of natural killer cell cytotoxicity. [56] [57] [58] [59] [60] [61] Therefore, a high LD between this indel and the − 1140 A4T promoter variant may explain the pattern observed at the − 1140 position. A significant allelic association between these two variants was indeed observed using the 1KG data, with moderate-to-strong LD depending on the population analyzed (r 2 values ranging from 0.57-0.62 in Africa and America to 0.88-0.92 in Europe and East Asia) (A Sabbagh, unpublished data). Such a high LD can make it difficult for the identification of the true causal variant when a significant association is detected with a given phenotype. Only functionality tests assessing the impact of this polymorphism on the HLA-G promoter activity will determine whether it has a functional effect, independently of the 14-bp indel. Note, however, that the − 1140 A4T SNV is by far the variant with the most extreme geographic differentiation pattern at both the interpopulation and intercontinental levels when considering the whole set of variants occurring across the entire human HLA-G gene (A Sabbagh, unpublished data). This further supports the possible functional relevance of this specific variant.
Although the 3′UTR seems to undergo the same pattern of selective pressures than the one observed at the HLA-G promoter, the selective forces acting at the coding region seem rather different. Limited protein diversity has indeed been described at the HLA-G coding region in human populations. 7, 12, 21, [62] [63] [64] Although the HLA-G region presents several variation sites, the majority of them are either intronic or synonymous substitutions, yielding only 16 different full-length proteins and two truncated molecules (null alleles), of which only five are frequently observed in worldwide populations. 7, 21 One of them, the full-length molecule known as G*01:01, largely predominates over the others, representing about 60% of all HLA-G coding haplotypes. 21 The relatively low variability, excess of synonymous changes and frequency spectrum suggest that the coding region of the HLA-G gene may suffer a strong selective pressure for the conservation of the protein sequence. Although the frequency distributions of HLA-G coding alleles were concordant with neutral expectations in three populations, 65 strong evidence of purifying selection was demonstrated in a more recent study. 63 Interestingly, the two major HLA-G 5′URR haplotypes, Prom-1 and Prom-2, are both mostly associated with coding haplotypes encoding the same G*01:01 molecule 21 , thereby suggesting that the functionality of HLA-G may be rather regulated by variability in the regulatory regions.
In conclusion, we characterized global patterns of HLA-G 5′URR variation in a wide range of worldwide populations and provided unequivocal evidence that natural selection has shaped patterns of genetic diversity at this gene segment. Our findings contribute Selection on human HLA-G promoter L Gineau et al to understanding of how variation at the HLA-G 5′URR may have been adaptive for dealing with both fetal tolerance and exposure to pathogens during human evolution, and have important implications for understanding the role of promoter variants in the control of HLA-G expression. A PCR amplified fragment of approximately 1800 bp including the -1446 (5′URR) and +388 (exon2) nucleotides (considering the Adenine of the first translated ATG codon as nucleotide +1) was produced for each individual, using the GPROMO.S-5′-ACATTCTAGAAGCTTCACAAGAATG-3′ and GPROMO.R-5′-GCCTTGGTGTTCCGTGTCT-3′ primers and the same PCR conditions as previously described. 12 The amplified products were visualized by electrophoresis on 7% polyacrylamide gel electrophoresis stained with silver, and directly sequenced in an ABI310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using nine internal primers and PCR primers, as described elsewhere. 12 Sequence variation was evaluated using the 1456-bp fragment, encompassing nucleotides − 1421 to +35, which contains the regulatory elements known to be relevant for the transcriptional control of HLA-G expression. 39, 42 Tori DNA samples were amplified and sequenced by Genoscreen (Lille, France) following the same protocol as described above.
MATERIALS AND METHODS
Data retrieval
The HLA-G 5′URR sequence data of 1089 unrelated individuals drawn from 14 different populations in Europe, East Asia, sub-Saharan Africa and the Americas were directly downloaded from the 1000 Genomes Project website (http://www.1000genomes.org) using the phase 1 integrated release version 3 released in April 2012. 32 To compare with the sequence data generated in the three African samples, we considered the same 1456-bp gene segment encompassing nucleotides − 1421 to +35 (chr6:29 794 201-29 795 656 in the human GRCh37/hg19 assembly). Wholegenome polymorphism low coverage data from the same individuals (~36 million variants) were also downloaded to perform tests of natural selection, as described below.
Sequence data available in the literature for the same promoter region were also included in this study. A 1321-bp fragment encompassing the − 1305 and +15 nucleotides was sequenced by Tan et al. 9 12 Other previously published data were not included in the present analysis because of (a) a lack of information on the ethnicity of sampled individuals, 69 (b) a selection bias when defining the individuals to be sequenced for the HLA-G promoter region, 18 (c) a lack of frequency data provided in the published paper 19, 20 and (d) a lack of allele frequency data for SNVs with MAFo0.02. 4, 28 LD, tagging and haplotype analyses Strength of LD between pairs of markers was measured as D' 70 using the Haploview software v4.2, 71 and statistical significance of LD was assessed by a Fisher's exact test of LD using the Arlequin v.3.5.1.2 software. 72 LD blocks were defined using the confidence interval method of Gabriel 73 as implemented in Haploview. Haplotype reconstruction was performed using Bayesian method 74 implemented in PHASE v2.1.1, 33 using the default parameter values in the Markov chain Monte Carlo simulations and the 'multiallelic loci' option to account for the − 725C4G,T triallelic SNV. For each population sample, we applied the algorithm 10 times with different seeds for the random number generator, and checked for consistency of the results across the independent runs in order to verify that the algorithm did not converge to a local, rather than global, mode of the posterior distribution. We chose the results from the run displaying the best average goodness-of-fit of the estimated haplotypes to the underlying coalescent model. Haplotype networks describing the mutational relationships among the inferred haplotypes were generated by using the median joining algorithm 75 of the Network 4.5.1.6 software (http://www. fluxus-engineering.com/). Analysis of molecular variance 76 and measure of haplotype diversity based on estimated haplotype frequencies were computed using Arlequin v.3.5.1.2 software. 72 Test for selective neutrality based on population genetic differentiation To determine whether an atypical pattern of population genetic differentiation is observed at the HLA-G 5′URR locus, we used the fixation index F ST , 34 which quantifies the proportion of genetic variance explained by allele frequency differences among populations. F ST ranges from 0 (for genetically identical populations) to 1 (for completely differentiated populations). We calculated F ST values at each locus using the BioPerl module PopGen 77 at two different levels: (i) among populations and (ii) among continental regions, that is, when the individual samples were grouped into major geographical regions (Africa, Europe, East Asia, and America) according to their predominant component of ancestry. Extreme values of F ST can result from natural selection but also from nonselective events such as demographic changes and genetic drift. As these latter events randomly act on the genome, they are expected to have the same average effect across the genome, in contrast to natural selection, which impacts population differentiation in a locus-specific manner. The genome-wide variation data of the 14 populations from 1KG can thus be used to infer the action of natural selection by adopting an outlier approach. 78 For that purpose, we built empirical distributions from three sets of autosomal SNVs located throughout the genome. The first set contains the whole set of SNVs detected in the genome of 1089 unrelated individuals included in 1KG (~36 million SNVs). A LD-based pruning procedure was applied to these genome-wide genotype data using Plink 79 with default parameters (pruning based on a variance inflation factor of two within each sliding window of 50 SNVs with a step of five SNVs), leaving a total of 26 680 716 independent autosomal SNVs, referred hereafter to as 'GW'. The second set of SNVs was built from the subset of variants annotated in dbSNP (build 137) as located in gene regions. We kept those remaining after a LD-based pruning procedure using the same parameters as described above, thus retrieving a 'Genic' set containing 11 286 949 independent genic SNVs. The third set was built from the SNVs annotated in dbSNP as belonging to 5′URRs: 24 395 SNVs remained after applying the LD-based pruning procedure, making up the '5′URR' set. F ST scores were computed for all SNVs included in the three sets, thus providing reference distributions to assess whether the pattern of genetic differentiation observed at a locus of interest is atypical. As we were interested in detecting signals of balancing selection, we focused on the lower tail of the F ST distributions. Therefore, the estimated empirical P-value corresponds to the proportion of F ST scores in the empirical distribution that are lower or equal to the observed value at the locus of interest. As F ST strongly correlates with heterozygosity, 36, 80, 81 empirical P-values were calculated within bins of SNVs grouped according to MAF. A total of 27 bins were considered for the whole MAF range: 10 bins of size 0.001 for MAF between 0 and 0.01, 9 bins of size 0.01 for MAF between 0.01 and 0.10, and 8 bins of size 0.05 for MAF between 0.10 and 0.50.
Tests for selective neutrality based on nucleotide diversity and site frequency spectrum
To assess whether natural selection has influenced the frequency spectrum of mutations compared with that expected under the standard neutral model, we computed summary diversity statistics and performed several neutrality tests, including Tajima's D 82 and Fu and Li's D* and F*, 83 with DnaSP v.5.10. 84 These statistics compare different estimators of the population mutation rate ϴ = 4Nμ, which have the same expectation under Selection on human HLA-G promoter L Gineau et al neutrality. Tajima's D compares estimates of ϴ derived from the average number of pairwise differences (π) and the number of segregating sites (S). Fu and Li's D* compares estimates of ϴ derived from the number of segregating sites (S) and the number of singleton mutations (η s , alleles appearing only once in the sample) and Fu and Li's F* compares estimates of ϴ derived from the average number of pairwise differences (π) and the number of singleton mutations (η s ). The statistical significance of the tests was first estimated from 10 000 coalescent simulations of an infinite site locus that condition on the sample size, with recombination (value of the recombination parameter estimated from the observed sequence data). As rejection of these tests may be caused by violation of any of the assumptions in the null hypotheses (neutrality, constant size, panmixia), the effects of natural selection and demographic history is not easy to disentangle. Therefore, we opted for an empirical approach and selected two sets of 100 regions in the human genome to compute two reference distributions for each summary diversity statistic, using the genome-wide data available for the 14 populations from 1KG. The first one includes 100 unlinked non-coding regions expected to be mostly neutrally evolving. More specifically, we selected 100 autosomal regions dispersed throughout the human genome that met the following criteria: (i) to be at least 100 kb away from any known or predicted genes or expressed sequence tag or region transcribed into mRNA, (ii) to be outside any segmental duplication or region transcribed into a long non-coding RNA or conserved non-coding element (as defined in Woolfe et al. 85 ), (iii) to be distant from each other by at least 100 kb and not in LD with each other, (iv) to be of the same size than the HLA-G 5′URR studied (1400 bp), and (v) to contain at least eight SNVs. The second set includes 100 5′URRs that met criteria (iii), (iv) and (v). For each region, Tajima's D, Fu and Li's D* and F* scores were computed to obtain the null distribution of these test statistics in each individual population sample, for both neutrally evolving regions and 5′ URRs of the genome. To test for balancing selection, empirical P-values were estimated from the proportion of regions showing a test statistic greater or equal to the value observed at the HLA-G 5′URR locus within each distribution. We considered as significant any P-value below 0.05.
Decay of EHH on both either sides of the HLA-G 5′URR locus
To assess how LD breaks down with increasing distance from a specific core haplotype at the HLA-G 5′URR locus (designated as the 'core' region), we used the EHH statistic, 86 which measures the span of SNV homozygosity at increasing distances from that core. For instance, for a population of individuals sharing the Prom-1 haplotype, EHH at a distance 'X' from the locus is the probability that two random chromosomes carrying the Prom-1 haplotype are identical by descent for the entire interval from the locus to 'X'. EHH is on a scale of 0 (no homozygosity, all extended haplotypes are different) to 1 (complete homozygosity, all extended haplotypes are the same). The EHH score was computed on both sides of each of the three 5′URR haplotypes suspected to be targeted by balancing selection (Prom-1, Prom-2 and Prom-3) across a 300-kb region encompassing the HLA-F, HLA-G, HLA-H, and HLA-A genes, using the R-EHH package in R software (http://cran.r-project.org/web/packages/rehh/index. html). The analysis was performed separately in each continental region (Africa, Europe, East Asia and America) using the phased sequence data from the 1KG project.
